HIV-1 envelope glycoprotein (Env) spikes are prime vaccine candidates, at least in principle, but suffer from instability, molecular heterogeneity and a low copy number on virions. We anticipated that chemical cross-linking of HIV-1 would allow purification and molecular characterization of trimeric Env spikes, as well as high copy number immunization. Broadly neutralizing antibodies bound tightly to all major quaternary epitopes on cross-linked spikes. Covalent cross-linking of the trimer also stabilized broadly neutralizing epitopes, although surprisingly some individual epitopes were still somewhat sensitive to heat or reducing agent. Immunodepletion using non-neutralizing antibodies to gp120 and gp41 was an effective method for removing non-native-like Env. Cross-linked spikes, purified via an engineered C-terminal tag, were shown by negative stain EM to have well-ordered, trilobed structure. An immunization was performed comparing a boost with Env spikes on virions to spikes crosslinked and captured onto nanoparticles, each following a gp160 DNA prime. Although differences in neutralization did not reach statistical significance, cross-linked Env spikes elicited a more diverse and sporadically neutralizing antibody response against Tier 1b and 2 isolates when displayed on nanoparticles, despite attenuated binding titers to gp120 and V3 crown peptides. Our study demonstrates display of cross-linked trimeric Env spikes on nanoparticles, while showing a level of control over antigenicity, purity and density of virion-associated Env, which may have relevance for Env based vaccine strategies for HIV-1.
A vaccine for HIV-1 will most likely need to elicit broadly neutralizing antibodies (bNAbs) in order to protect against the vast diversity of circulating primary isolates (1) (2) (3) . Neutralizing antibodies bind to the envelope glycoprotein (Env) spike and block the virus from productively infecting target cells prior to, or in some cases following, its engagement with cellular receptors (i.e., CD4 and chemokine coreceptor) (4, 5) . Innate features of Env appear to limit elicitation of bNAbs, including the presence of variable residues and heavy glycosylation immediately adjacent to conserved epitopes, and a low copy number of ϳ10 to 14 spikes per virion (2, (6) (7) (8) (9) . Thus, native Env often elicits rather weak or isolate specific neutralizing antibody in small animal models (8) .
Mature Env spikes, trimers of gp120-gp41 heterodimers, are formed once immature gp160 has been glycosylated in the host cell and processed by furin proteases into gp120 (surface) and gp41 (transmembrane) subunits (4) . Immature gp160, gp41 stumps, monomeric gp120, and nontrimeric Env debris often contaminate virions and other preparations of Env and can elicit non-neutralizing antibodies that fail to recognize mature spikes (10) (11) (12) (13) . HIV-1 spikes can also spontaneously inactivate and physically dissociate over time, which can be further accelerated in the presence of ligands or antibodies to various regions of Env (14) (15) (16) (17) . When used as an immunogen such decay of Env presumably contributes to ineffective, "offtarget" antibody responses.
Attempts have been made to stabilize Env in soluble form using genetic mutations, trimerization domains, and disruption of the furin cleavage site (18) (19) (20) (21) (22) (23) . Most notably, BG505 SOSIP, is a soluble (gp140) trimer that contains an engineered disulfide bond between gp120 and gp41 and a mutation (I559P) to disfavor aberrant forms of gp41 (18) . This engineered trimer is recognized by most bNAbs but not by non-neutralizing antibodies, while cryoelectron microscopy (cryo-EM) and X-ray crystallography have provided near-atomic-level models with strong topological similarity to virion-associated spikes (24) (25) (26) . However, mimicry with these molecules is imperfect, since, for example, some non-neutralizing antibodies can bind to BG505 SOSIP and not native spikes (18) . Domains of gp41 were also truncated from SOSIP gp140s (e.g., membrane-proximal external region [MPER] , transmembrane [TM] , and cytoplasmic tail [CT] ) that alters display and eliminates bNAb epitopes (27) (28) (29) . Thus, methods are desired to stabilize more complete Env molecules, especially since, to date, no immunogen has reportedly elicited bNAb titers of sufficient breadth and potency to form the basis of a vaccine for HIV-1 (22, 27) .
Cross-linkers have been used to probe conformational states of Env (30) (31) (32) (33) (34) and typically diminish the binding of non-neutralizing antibodies, as well as V3 antibodies with lesser effects on binding by many bNAbs (31, 32) . The use of glutaraldehyde or bis (sulfosuccinimidyl) suberate (BS 3 ) to cross-link soluble gp140s and/or complexes between gp120 or gp140 and CD4 has reportedly helped elicit cross-isolate neutralizing antibodies (35, 36) , although in the latter case antibodies to host CD4 complicated analyses (37) . To date, no immunization study has been described that uses purified native spikes, cross-linked or otherwise.
Formaldehyde-fixed virions have been used to immunize mice and reportedly elicited weak neutralizing antibodies against heterologous isolates (38, 39) . In these studies, however, Env was subjected to harsh heat treatment, molecular heterogeneity in Env was not studied, and the low copy number of Env was not addressed, necessitating high doses of HIV-1 virions that also elicit antibodies to cellular proteins that incorporate onto virions (8, 39, 40) . The presence of misfolded Env on virions can facilitate recognition of HIV-1 by non-neutralizing antibodies, and the decay of native Env can alter or decrease recognition by bNAbs (10, 15) .
Here, we sought to use cross-linker to stabilize native spikes of HIV-1 while simultaneously mitigating problems of immunizing with insufficient copies of Env per virion, as well as the presence of misfolded Env and other proteins found in virion preparations. The relatively homogeneously trimeric Env of HIV-1 JR-FL was treated with a chemically defined cross-linker, BS 3 , and purified from virion debris via an affinity tag in mild detergent. We further immunodepleted non-native forms of Env using non-neutralizing antibodies. These steps resulted in highly stable trimers, free of virion debris, that were recognized by bNAbs and not by typical V3 crown antibodies and non-neutralizing antibodies. We find that cross-linker can alter bNAb epitopes in a concentration-dependent manner. Moreover, cross-linker shows a limited capacity to protect quaternary antibody epitopes from disruption by heat and reduction of disulfide bonds. Notably, when arrayed on proteoliposome nanoparticles (PLNs), cross-linked spikes elicited antibodies that sporadically neutralized relatively resistant tier 1b and tier 2 isolates of HIV-1, albeit at a relatively low titer. Meanwhile, the neutralization of sensitive tier 1a strains, associated with V3 crown antibodies, was clearly diminished. This study provides information relevant to the rational development of nanoparticle immunogens displaying chemically stabilized Env spikes of HIV-1.
MATERIALS AND METHODS
Reagents. (i) Plasmids. Molecular clone pLAI-JR-FL contains the env ectodomain (amino acids [aa] 24 to 692) of JR-FL in the pLAI.2 backbone plasmid (15) . pcDNA-JR-FL is an Env complementation vector that matches env from pLAI-JR-FL (10) . To make epitope tagged JR-FL plasmid, FLAG tag (DYKDDDDK) was introduced by QuikChange mutagenesis (Agilent) at the C-terminal end of Env (gp160). A tripeptide linker "NSG" was included N-terminal of the tag. Env-complementation plasmids pSVIII-JR-FL, JR-CSF, SF162, ADA, HxB2, and pCAGGS-SIVmac239 have been described previously (41, 42) . The clade B Env reference panel and pSG3⌬Env were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (NIH ARRRP), contributed by D. Montefiori and F. Gao (43) and by J. Kappes and X. Wu (44) , respectively. Plasmid pMV-5001 and related variants that encode codon-optimized env from the JR-CSF isolate, as well as env variants with domain swaps between JR-CSF and JR-FL, were generously provided by R. Whalen (Altravax).
(ii) Cells. TZM-bl cells (44) were obtained from the NIH ARRRP (contributed by J. Kappes and X. Wu), 293T cells were purchased from the American Type Culture Collection, and MT2-CCR5⌬CT cells were obtained from D. Mosier (TSRI). Cell lines were maintained in Dulbecco modified Eagle medium (TZM-bl and 293T cells) or RPMI medium (MT2 cells) containing 10% fetal calf serum, 20 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml.
(iii) Antibodies. Anti-HIV-1 monoclonal antibodies (human IgG unless otherwise stated) were obtained from the following sources: 2G12 (45), 4E10 (46), 2F5 (47) , and 447-52D (48) (iv) Proteins. Trimut core, Trimut 368/370, gp140-foldon (FT) trimers (66) , and JR-FL gp140 SOSIP trimers (18) were kindly donated by R. Wyatt (TSRI). Monomeric JR-FL gp120 was purchased from Progenics, and JR-FL gp41 MBP-fusion protein M41xt (aa 535 to 681) (65) was produced in Escherichia coli in-house. CD4bs scaffold RSC3 (53) was obtained from the NIH ARRRP (Z-Y. Yang, P. Kwong, G. Nabel, and J. Mascola). N332 supersite scaffold 1GUT was generously contributed by J. Zhu (TSRI).
Virus production. HIV-1 virions were produced by transient transfection of 293T cells using the transfection reagent polyethyleneimine (PEI [67] ) and harvested after 72 h as previously described (15) . For crosslinking and trimer purification, culture supernatants were cleared of cell debris by centrifugation at 2,000 ϫ g for 15 min; supernatants were then centrifuged at 60,000 ϫ g for 1 h, and pellets were resuspended in phosphate-buffered saline (PBS) at 100 times the original concentration. Virus replication in MT2-CCR5⌬CT cells was carried out as previously described (23) .
Cross-linking of virus. Cross-linkers bis(sulfosuccinimidyl)suberate (BS 3 ; Pierce), and 3,3=-dithiobis(sulfosuccinimidylpropionate) (DTSSP; Pierce) were dissolved in PBS immediately before use. Unless otherwise noted, cross-linkers were added to a final concentration of 1 mM. Crosslinkers and virus were incubated for 20 min at room temperature, and the reaction was quenched by the addition of 20 mM Tris-HCl (pH 7.5) for 15 min. Virus was then pelleted to remove unreacted cross-linker by spinning at 20,000 ϫ g for 45 min in a microcentrifuge and resuspended in fresh PBS.
BN-PAGE. Blue native-polyacrylamide gel electrophoresis (BN-PAGE) and Western blotting was performed using the NativePAGE Gel System (Invitrogen) as previously described (10) . Coomassie blue staining was performed using Simply Blue Safe Stain (Invitrogen) according to the manufacturer's instructions. In some cases, virus was heated for 1 h or incubated at 37°C for up to 96 h prior to running on the gel. In gel mobility shift experi-ments, antibodies and virus were incubated for 20 min on ice prior to sample preparation. Antibodies were added at a concentration of 10 g/ml (for bNAbs) or 40 g/ml (for non-neutralizing antibodies).
SDS-PAGE. Virus or protein samples were incubated in Laemmli buffer (Bio-Rad) containing 50 mM dithiothreitol (DTT) for 5 min at 100°C prior to loading on 4 to 15% Tris-HCl gels (Bio-Rad). Gels were run at room temperature using running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 120V for 1 h and then transferred to polyvinylidene difluoride membrane and Western blotted as previously described (10) .
ELISA. (i) Capture ELISA. Microtiter wells were coated with Galanthus nivalis lectin (GNL) at 5 g/ml in PBS overnight at 4°C. Plates were then washed (all washes were performed using PBS containing 0.05% Tween [PBST] ) and blocked with 4% nonfat dry milk (NFDM) in PBS for 1 h at 37°C. Next, the plates were washed, and virus solubilized in 1% Empigen was added. After incubation for 1 h at 37°C, the plates were washed, and primary antibody in PBST containing 0.4% NFDM was added for 1 h at 37°C. The plates were washed again, goat anti-human Fc␥-horseradish peroxidase (HRP) secondary antibody (Jackson) was added, and the plates were incubated for 45 min at room temperature. After another wash, TMB substrate (Pierce) was added for 5 min, and the absorbance was read at 450 nm.
(ii) Direct ELISA. Direct ELISAs were performed as described above, except that antigens were coated directly onto microtiter wells, sera from immunized animals were used as primary antibodies, and the secondary antibody was anti-rabbit IgG-HRP (Jackson). 50 of Ͻ50 g/ml against JR-FL, and non-neutralizing antibodies have an IC 50 of Ͼ50 g/ml. PG9/PG16 binding was determined using JRFL mutant E168R. PG9, PG16, PGT151, and 35O22 did not reach an EC 50 against un-cross-linked Env. The results shown are averages of at least three independent experiments.
(iii) Competition ELISA. Monomeric JR-FL gp120 or JR-FL gp41-MBP fusion protein M41xt were directly coated onto microtiter wells. After blocking, a constant concentration of biotinylated monoclonal antibody (selected to give 50% maximum signal) was prepared, and a titration of immune serum was added at the same time, followed by incubation for 1 h at 37°C. Streptavidin-HRP (Jackson) was used to detect antibody binding.
(iv) ELISA to quantify Env. To quantify Env for immunization, GNL capture ELISAs were performed, as described above, in which a dilution series of Empigen-lysed virus was added to GNL-coated wells. Env was detected using an antibody cocktail consisting of 2G12 and b12 (2 g/ml each). The concentration of viral Env was interpolated against a sequencematched JR-FL gp120 (Progenics) standard curve by Prism software (GraphPad).
(v) p24 ELISA. Microtiter wells were coated overnight at 4°C using 50 l of a 5-g/ml concentration of sheep anti-p24 (Aalto) and then blocked for 1 h at 37°C with 4% NFDM in PBS. Virions were lysed by adding 1% Empigen in PBS, and 50 l was transferred to anti-p24-coated wells. After 2 h of incubation at 37°C, p24 was probed with sheep anti-p24-AP (Aalto) and detected using an AMPAK amplification kit (Argene) according to the manufacturer's directions.
Purification of viral Env spikes. We devised a two-step protocol for purifying BS 3 -treated HIV-1 spikes involving immunodepletion of misfolded Env molecules using non-neutralizing antibodies, followed by purification via a C-terminal affinity tag. For step 1, immunodepletion using non-neutralizing antibodies was carried out. IgGs b6 and D49 were bound individually to protein G-Sepharose beads (GE Healthcare) by coincubation for 1 h in PBS, followed by the addition of 20 mM dimethylpimelimidate (DMP) in 0.2 M sodium borate (pH 9.0) for 30 min at room temperature. The coupling reaction was quenched with 0.2 M ethanolamine (pH 8.0) for 2 h at room temperature. BS 3 -cross-linked virions were solubilized in PBS containing 0.1% n-dodecyl-␤-D-maltoside (DDM). Detergent-treated samples were sequentially incubated with b6-or D49-coated beads for 1 h at room temperature in PBS, and the remaining supernatant was saved. For step 2, FLAG-tagged trimeric Env spikes were purified. Cross-linked virion-associated Env in (immunodepleted) supernatant was added at a 5:1 (vol/vol) ratio to anti-FLAG M2 IgG-coupled agarose beads (Sigma) for 3 h at room temperature. Beads were washed four times for 5 min in PBS containing 0.1% DDM (PBSD). To elute bound trimers, beads were incubated with FLAG-peptide at 250 g/ml in PBSD for 1 h at room temperature. The eluted supernatant was saved, the elution step was repeated twice more, and the supernatants were combined.
Incorporation of Env spikes into proteoliposomes. For PLNs, mouse anti-FLAG M2 IgG (Sigma) was covalently coupled to magnetic AminoAdembeads (Ademtech; 200 nm) according to the manufacturer's protocol. Antibody-coupled magnetic beads were incubated with detergenttreated cross-linked viral supernatants for 3 h at room temperature and then washed three times with PBSD. Separately, Cholesterol/sphingomyelin/DOPE/POPC/DOPS/biotinylated DOPE were mixed in a 45:27:19:9: 9:1 ratio meant to mimic the composition of the viral membrane (68) and dried for 2 h in a fume hood. Lipids were resuspended in PBS by sonicating for 5 min on a 4°C water bath, and DDM was added to a final concentration of 1%. The lipids were then added to magnetic beads containing cross-linked trimers and incubated for 15 min at room temperature. Detergent was removed by dialysis against PBS overnight at 4°C. Beads were recovered, washed three times in PBS, and stored in PBS at 4°C.
Immunization of rabbits. Four groups of three New Zealand White rabbits (Aldevron, Fargo, ND) each received two DNA primes consisting of pMV-5001 (Altravax), a plasmid encoding codon-optimized env from Electron microscopy. Preparation of negative stain electron microscopy grids, data collection, and image processing were performed as stated elsewhere (69) . Briefly, BS 3 -cross-linked Env trimers were diluted to ϳ0.01 mg/ml. adsorbed onto carbon coated 400-mesh Cu grids, and then stained with 2% uranyl formate. Images were collected via Leginon (70) using a 4kϫ4k Tietz Temcam F-416 at ϫ52,000 magnification on a Tecnai T12 electron microscope, resulting in a pixel size of 2.05 Å/pixel on the specimen plane. Particles were picked and stacked in Appion (71) . Reference-free two-dimensional (2D) class averages were generated using the Sparx software package (72) .
Neutralization assays. Neutralization was determined in a single-cycle neutralization assay using pseudotyped virus and TZM-bl cells as target cells. Serum, heat inactivated for 1 h at 56°C, was added to virus in 100 l of 293T cell culture media. Virus-serum mixtures were incubated for 1 h at 37°C prior to addition to target cells. After a 72 h of incubation at 37°C, the cells were lysed, Bright-Glo luciferase reagent (Promega) was added, and the luminescence in relative light units was measured using an Orion luminometer (Berthold).
RESULTS
Virion spikes stabilized by cross-linking. To fix HIV-1 Env in its native state, we chose to use the JR-FL molecular clone produced by transfection of 293T cells, as we previously found these virions to produce relatively homogeneous and well-cleaved Env trimers (10) . After screening several common cross-linkers, we settled on BS 3 due to its defined chemical properties and clarity of the crosslinked trimer band on BN-PAGE ( Fig. 1A and data not shown). When tested for its resistance to destabilizing conditions, BS 3 -cross-linked Env remained trimeric after 1 h at 57°C, after 96 h in DDM detergent, and even after boiling for 5 min in SDS-PAGE buffer, while non-cross-linked trimers completely dissociated under these conditions (Fig. 1B to D) . BS 3 was used at 1 mM for this and all subsequent experiments, unless noted otherwise, because this concentration prevented any trimer dissociation upon heat treatment (data not shown).
Antigenicity of BS 3 -cross-linked trimeric spikes. To assess how cross-linking affects relevant bNAb epitopes, BS 3 -crosslinked virions were detergent solubilized, and then Env was captured onto immobilized GNL and probed using a panel of antibodies to gp120 and gp41 (Fig. 2) . This panel of bNAbs included PG9 and PG16 (gp120 V2/V3), as well as PGT151 and 35O22 (gp120-gp41 interface), that recognize quaternary epitopes preferentially exposed on trimeric Env (49, 55, 56) . Also included were PGT121, PGT126, and PGT128, which target the N332 glycan at the base of V3 (N332 supersite); F425-B4e8 and 447-52D (V3 crown); VRC01, PGV04, b12, and CD4-IgG2 (CD4 binding site; CD4bs); 2G12 (gp120 glycans); and 10E8, 4E10, 2F5, and Z13e1 (gp41 MPER).
Trimer-preferring bNAbs PG9/PG16, PGT151, and 35O22 all recognized BS 3 -cross-linked Env but not un-cross-linked Env (Fig. 2) . We note that the Env used, JR-FL, contained the mutation E168R, since a Lys or Arg at position 168 is required for PG9/PG16 recognition and Arg is far less likely than Lys to be modified by BS 3 (55, 73) . At concentrations above 0.2 mM BS 3 , PG9/PG16 binding decreased, whereas PGT151 and 35O22 binding continued to increase up to 6 mM BS 3 ( Fig. 3A and B) . Remarkably, binding of bNAbs to the N332 supersite was improved 2-to 3-fold by treatment with BS 3 , whereas binding by V3 crown antibodies was diminished 15-fold (Fig. 2) . A dose-response analysis revealed a maximum 6-fold enhancement of PGT126 binding to Env (EC50) at 0.2 mM BS 3 , which began to decrease at higher concentrations, whereas F425-B4e8 binding only decreased with BS 3 concentration in a dose-dependent manner (Fig. 3C) . BS 3 -cross-linking did not alter binding by 2G12 and MPER antibodies (Fig. 2) . However, BS 3 diminished binding of CD4bs ligands b12 and CD4-IgG2 by 4-and 15-fold, respectively, but had negligible effect on VRC01 and PGV04 ( Fig. 2 and 3D ). In summary, BS 3 cross-linking of virion-displayed spikes occludes the V3 crown, slightly restricts some CD4bs epitopes, has no effect on the gp41 MPER and largely preserves quaternary epitopes on V2, the gp120-gp41 interface, and the N332 glycan supersite. In contrast to the relatively modest effect on bNAb epitopes, BS 3 cross-linking strongly reduced binding of six different nonneutralizing antibodies by up to 3 orders of magnitude regardless of epitope; CD4bs antibody b6 was the exception in which binding was reduced only 4-fold (Fig. 2 ). Since these virions display predominantly native trimers (10) (Fig. 1B) , we infer that BS 3 reduces non-neutralizing antibody binding largely by preventing dissociation of Env subunits into non-native species within the time of the assay, which is also consistent with the observed enhancement in binding to the N332 supersite and quaternary bNAb epitopes.
To assess how the observed effects of cross-linking on bNAb binding relate to antibody occupancy of trimeric spikes, we used a BN-PAGE gel mobility shift assay in which binding by bNAb causes Env spikes to run slower on the gel (11) . IgG fragments antigen-binding (Fabs) of b12, 2G12, PGT151, 10E8, PGT126, PG9, 4E10, and Z13e1 all retarded the electrophoretic mobility of cross-linked spikes, whereas non-neutralizing antibodies b6 and D49, and V3 crown binder F425-B4e8 had no effect (Fig. 4 and data not shown). However, Fab b12 bound cross-linked spikes with an occupancy of about one Fab per trimer less than untreated trimers under the same conditions (Fig. 4B ). Taken as a whole, we conclude that BS 3 cross-linking does not broadly alter occupancy of antibodies on JR-FL spikes for the majority of bNAb epitopes.
Although the stability of BS 3 -treated spikes is high at the oligo-
FIG 5 Conformational epitopes on cross-linked Env spikes are relatively thermostable. (A) BS
3 -cross-linked Env was incubated at 57°C for 1 h and examined using BN-PAGE gel mobility shift. (B) Untreated JR-FL virions, BS 3 -cross-linked JR-FL virions, or soluble JR-FL SOSIP were incubated at a range of temperatures for 1 h. The Env was solubilized in 1% Empigen detergent (detergent was also added to JR-FL SOSIP for consistency), and bNAb binding was determined using a lectin-capture ELISA. All antibodies were tested at 1 g/ml, and the percent binding at each temperature is shown relative to a control sample that was incubated at 4°C for 1 h. No binding was detected to un-cross-linked viral Env with PG16, PGT151, and 35O22, and no binding was detected to JR-FL SOSIP by 10E8, since the MPER has been removed from this construct. meric level (Fig. 1) , for vaccine development the integrity of individual epitopes is more relevant, so we investigated this using BN-PAGE and ELISA. Among the bNAbs tested, including PG9 and PGT151 to quaternary epitopes, all shifted cross-linked trimers after treatment at 57°C for 1 h, which is a condition that causes un-cross-linked JR-FL spikes to fully dissociate (Fig. 5A) . Crosslinking also rescued binding to spikes by PGT151, 35O22, PG16, VRC01, b12, PGT128, PGT121, and 2G12 in an ELISA after heat treatment (Fig. 5B) . Notably, under the conditions of this assay bNAb epitopes on cross-linked viral Env were generally more stable than on sequence-matched JR-FL SOSIP gp140. However, incubation at higher temperatures (i.e., Ն70°C) largely eliminated bNAb binding to Env in all samples, with the exception of more linear epitopes (i.e., MPER and V3 crown). In sum, cross-linking significantly enhances thermostability of bNAb epitopes, but an extreme temperature disrupts the antigenicity of Env despite preservation of the trimeric state.
Reversible cross-linker chemistry reveals stability features of Env quaternary epitopes. To determine whether effects of BS 3 on binding by certain antibodies (Fig. 2) were due to direct chemical modification of epitopes or indirect (allosteric) fixation of Env quaternary structure, we made use of a disulfide containing cleavable homolog of BS 3 , DTSSP (Fig. 1A) . We first verified that both cross-linkers caused a comparable diminution in binding to Env by V3 crown binders, F425-B4e8 and 447-52D (Fig. 6A and B) . Next, we found that upon treatment with DTT, F425-B4e8 and 447-52D binding was substantially restored to spikes treated with DTSSP but not those treated with BS 3 . These results are consistent with a model in which neither DTSSP nor BS 3 destroy V3 crown epitopes by direct chemical modification but rather lock Env conformation such that it becomes inaccessible to antibody. This likely occurs via V1-V1 interprotomer cross-links at Lys 171 or Lys 168 and/or intraprotomer linkage involving Lys 171 in V1 and Lys 305 at the V3 base (Fig. 6E) . In contrast, DTT treatment had no effect on binding by MPER antibodies. Surprisingly, DTT virtually abrogated binding to the CD4bs, N332 supersite, PG9 epitope, and 2G12 epitope irrespective of cross-linker treatment, but disruption of epitopes in the gp120-gp41 interface (PGT151 and 35O22) caused by DTT treatment was alleviated by BS 3 treatment (Fig. 6B and D) . Notably, conformational epitopes that were stabilized by cross-linking were also most sensitive to reduction by DTT (Fig. 6C) . We conclude that BS 3 helps occlude V3 (26) . Only lysine residues that are shared between BG505 and JR-FL are shown. V1/V2 from the three gp120 protomers is shown in shades of green, and V3 of protomer A is shown in orange. The distance between the side chain primary amines of two lysine residues is labeled by the dotted line (blue, V1/V2-V1/V2; orange, V1-V3) and measured in angstroms. The subscript in the residue number indicates which gp120 protomer the residue belongs to. A combination of an intraprotomer cross-link between V3 and V1/V2 and an interprotomer cross-link between two V1/V2 regions could block accessibility to the V3 crown epitope. The measured distances are not absolute, since in solution the lysines can assume different rotameric states and the V1/V2/V3 loops can be conformationally flexible. BS 3 is 11.4 Å long, and the amide bond formed upon cross-linking adds ϳ1.5 Å to each end.
FIG 7 BS
3 -cross-linking stabilizes a conformation of V3 and N332 supersite on native spikes that is distinct from that on soluble gp120 and uncleaved gp140. Effects of BS 3 treatment on monomeric gp120, gp140-foldon (FT) trimers, and solubilized spikes (all JR-FL) as probed by antibodies are presented as the fold change in ELISA binding (EC 50 cross-linked/EC 50 untreated). nb, no binding. Statistically significant changes were determined using a two-tailed t test (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
and non-neutralizing epitopes while stabilizing the gp120-gp41 interface primarily through conformational restriction; however, BS 3 shows little capacity to protect bNAb epitopes from susceptibility to Env reduction-induced disruption.
Cross-linker effects on bNAb epitopes on native trimer is distinct from that of soluble gp120 and uncleaved Env trimers. We compared the effects of BS 3 cross-linking on the exposure of bNAb epitopes on different states of Env in an ELISA involving cleaved viral spikes, uncleaved gp140 foldon trimers (gp140-FT) and monomeric gp120 (all JR-FL). In contrast to viral spikes in which binding by V3 crown antibodies decreased ϳ10-fold due to BS 3 , V3 antibody binding to gp120 and gp140-FT was diminished only 2-to 3-fold (Fig. 7) . N332 supersite bNAb binding to native spikes and soluble Env molecules increased 2-to 4-fold and decreased Ͼ10-fold, respectively. These results show that V3 and proximal N332 epitopes are fixed by BS 3 on native spikes in a closed, prefusion conformation that is fundamentally different from that of soluble gp120 and uncleaved soluble gp140 molecules.
Purification of Env spikes away from Env debris using nonneutralizing antibody immunodepletion. Nontrimeric and/or immature species of Env that bear non-neutralizing epitopes account for ϳ5 to 20% of Env associated with JR-FL virions (10) . To enhance purity, non-neutralizing antibodies D49 and b6, against gp41 and gp120, respectively, were used to sequentially deplete any reactive (non-native) Env molecules from detergent-solubilized virions (Fig. 8A) . BN-PAGE analysis revealed that this immunodepletion step removed heterogeneous Env contaminants, leaving behind only trimeric spikes, whereas SDS-PAGE showed that uncleaved gp160 was also removed from virus lysates leaving
FIG 9
Cross-linked virion spikes can be purified using a FLAG epitope tag. (A) A FLAG tag was genetically fused to the C terminus of full-length gp160 JR-FL Env. FLAG-tagged virions were assayed for infectivity in a single-cycle infectivity assay using TZM-bl cells (solid bar), gp120 incorporation (normalized for p24 input and measured by GNL-capture ELISA; checkered bar), and replication in MT2-CCR5⌬CT cells (p24 equivalents at day 7 relative to wild type; hatched bar). (B) Gp160 FLAG-tagged virions were analyzed using BN-PAGE mobility shift assay using Fabs b12 and b6, as well as anti-FLAG IgG. The Western blot was probed using an anti-gp41 antibody cocktail. (C) JR-FL FLAG-tagged gp160 samples were probed in an ELISA using antibody to gp120 (left panel) and p24 (right panel) before and after immunoaffinity purification. (D) Affinity-purified BS 3 -cross-linked JR-FL trimers were run on BN-PAGE beside recombinant JR-FL gp120 (5 g of each protein). The purity of the proteins were analyzed using Coomassie blue staining. behind cleaved Env (Fig. 8B and C) . Moreover, ELISA showed that the binding of six different non-neutralizing antibodies was reduced to near background levels by immunodepletion (Fig. 8D) . We conclude that immunodepletion of solubilized Env molecules using non-neutralizing antibodies can effectively remove contaminating species of Env from cross-linked virion preparations and eliminate binding of non-neutralizing antibodies against epitopes that do not overlap the depleting antibodies.
C-terminal epitope tagging of Env spikes. To facilitate enrichment, immobilization, and presentation of Env spikes at higher densities than that found on VLPs, such as might be advantageous for immunizations (74) , a FLAG epitope tag was genetically fused to the C terminus of full-length gp160. FLAG-tagged JR-FL virions showed similar infectivity and Env expression levels as wild-type virions and replicated in MT2-CCR5 cells (Fig. 9A) . Importantly, BN-PAGE showed that anti-FLAG tag antibodies recognized cognate Env trimers (Fig. 9B) . BS 3 -cross-linked FLAG-tagged spikes were purified using the immunodepletion-affinity-purification scheme, as described above, with ϳ80% yield, whereas p24 levels were undetectable (Fig.  9C ). In addition, no contaminating proteins were detected using BN-PAGE and Coomassie blue staining (Fig. 9D) . BS 3 -cross-linked Env spikes share architectural features with native Env trimers. Purified BS 3 -cross-linked Env spikes were analyzed using negative-stain electron microscopy (EM) and reference-free 2D class averages were generated ( Fig. 10A and B) . The global architecture observed with the purified cross-linked spikes is similar to published EM structures of HIV-1 Env spikes (Fig.  10C ) and shows the typical trilobed apex and a narrow stem region (25, 69, 75, 76) . The globular structure at the base of the spike presumably corresponds to the CT of gp41 and detergent micelle, the latter of which is also observed with MPER-containing soluble Env trimers (69, 77, 78) .
Immunization using cross-linked spikes on VLPs and PLNs. The production yields of virion-derived spikes were 2 to 3 orders of magnitude lower than that of typical soluble gp140s (79) . To immunize with cross-linked spikes we therefore opted for a DNA prime-protein boost strategy that would be dose sparing (Fig.  11A) . A plasmid encoding codon-optimized env from HIV-1 JR-CSF (92% sequence homology with JR-FL) was used for the DNA prime, since this plasmid DNA was found to be immunogenic in pilot studies (data not shown). Rabbits were immunized with two DNA primes and divided into four groups of three rabbits each. Groups A and B were boosted with un-cross-linked and BS 3 -cross-linked JR-FL VLPs, respectively. Groups C and D were boosted with purified cross-linked trimers in detergent (group C) or captured onto PLNs (see below; group D).
We prepared PLNs to present cross-linked Env as a particulate boosting agent and to prevent cross-linked spikes from aggregating via exposed hydrophobic MPER and TM domains (27) , as well as to enhance valency of Env display. Cross-linked spikes were captured onto nanobeads conjugated to anti-FLAG antibody (80) , and lipids were then added at a ratio that mimics that of the native viral membrane (68) . The PLNs used for immunization were produced using 200-nm magnetic beads; these virus-like dimensions allow the PLNs access to all areas of the lymph node and can stimulate B cell responses more efficiently than micron-sized par- ticles (81) . ELISA analysis confirmed incorporation of Env spikes and lipids into PLNs (Fig. 11B) .
PLNs but not VLPs elicit distinct Tier 2 isolate neutralizing antibodies. Not unexpectedly, sera from group A rabbits (VLP boost) neutralized only the sensitive Tier 1a strain, SF162 (50% inhibitory concentrations [IC 50 s] ϭ 1,000 to 3,900 dilutions) (Fig.  11C) . Group B sera (BS 3 -cross-linked VLP boost) and group C sera (BS 3 -cross-linked purified trimer boost) neutralized SF162 on average 2 orders of magnitude less potently (IC 50 ϭ 8 to 38 dilutions), indicating that cross-linking Env decreased immunogenicity of Tier 1a-restricted epitope(s). Notably, group D sera (cross-linked trimer PLN boost) exhibited a different neutralization pattern that shifted from Tier 1a neutralization to Tier 1b/ Tier 2 neutralization. In addition to some SF162 neutralizing activity, serum 7547 showed potent neutralization against the Tier 2 isolate JR-CSF. Serum 7549 potently neutralized the Tier 1b strain HxB2, which we and others observed relatively infrequently compared to SF162 neutralization (82; data not shown). Finally, serum 7548 displayed negligible neutralization potential. Collectively, these results show that BS 3 -cross-linking JR-FL Env spikes redirects antibody responses from those that neutralize only a Tier 1a sensitive strain to those that can neutralize, at least sporadically, more resistant isolates.
Sera from groups A and D were further compared against a larger panel of 12 clade B isolates using the TZM-bl assay. Crosslinked trimer PLN boosted sera (group D) 7549 and 7547 showed a modest but consistent neutralization (IC 50 ϭ 5 to 11 dilution) against 8/12 and 2/12 isolates, respectively, whereas none of the VLP boosted sera (group A) showed any activity against the panel (Fig. 11D) . Hence, boosting with cross-linked trimer PLNs appeared to elicit more broadly active, but quite weak, neutralizing antibodies to various clade B isolates than VLPs, although the differences were not statistically significant (Fig. 11E) .
Neutralization of SF162 is frequently mediated by antibodies to the V3 crown that are elicited readily by monomeric gp120 but do not generally neutralize Tier 2 isolates. Indeed, addition of a soluble V3 peptide blocked a majority of neutralization of SF162 by group A sera (60 to 83%), whereas neutralization of SF162 and JR-CSF by group D sera was less affected (39 to 54% and ϳ20%, respectively; Table 1 ). Thus, cross-linking Env likely reduces immunogenicity of the V3 crown, thereby diminishing neutralization of strains sensitive to V3 antibodies.
To determine the antibody specificities in serum 7547 responsible for potent neutralization of JR-CSF, we used a panel of JR-CSF or JR-FL virions in which major domains of gp120 have been substituted (83) . Substitutions of C3 or V5 JR-FL into JR-CSF abrogated neutralization, and reciprocal introduction of JR-CSF C3 and V5 together (but not individually) into JR-FL raised neutralization levels to that observed against JR-CSF (Fig. 12A and B) . Other domain swaps had no effect. In addition, the glycan knockout mutation N301Q, which frequently enhances neutralization (83) , and replacement of central sequences in V4 with Gly or Ser significantly increased JR-CSF neutralization, whereas substitutions in V5 abrogated neutralization ( Fig. 12C and E) . We conclude that neutralization of JR-CSF by serum 7547 is largely V5 and C3 dependent and that V4 appears to interfere with antibody recognition of this epitope in some way. With the other PLNboosted sera, 7548 and 7549, N301Q also enhanced their weak neutralization of JR-CSF ϳ10-fold; however, in contrast to 7547, a V4 Gly-Ser mutation reduced neutralization (Fig. 12D) .
To determine whether neutralizing antibodies were elicited against the CD4bs, sera were absorbed using the probe TriMut, or control probe TriMut368/370, prior to addition to virus (66) . TriMut is based on the gp120 core and contains three mutations that prevent binding to CD4, but not to most CD4bs antibodies, whereas TriMut368/370 contains two mutations that also prevent binding by most CD4bs antibodies (66) . Most of the neutralization by PLN-boosted sera 7549 and 7548 against HxB2 and SF162 was depleted by TriMut, similar to control antibody VRC01 (Fig.  13) . However, neutralization mediated by 7549 against JRCSF, TRO.11, and SC422661 was not affected by TriMut (Fig. 13A) . Neutralization by PLN-boosted serum 7547 and VLP-boosted serum 7540 was also unaffected by TriMut. Thus, TriMut crossreactive CD4bs antibodies were elicited in two of the PLN-boosted sera, but they appear to only neutralize sensitive Tier 1 isolates and do not appear to constitute the antibody specificities mediating broad but weak Tier 2 neutralization in serum 7549.
Antibody binding specificities boosted by HIV-1 spikes. The immune sera were also assayed by ELISA against a panel of antigens to look for binding patterns associated with cross-linking the Env immunogen. All VLP-boosted (group A) sera reacted very strongly with monomeric gp120, as expected, whereas gp120 binding titers with PLN-boosted (group D) sera were lower and more variable (Fig. 14A) . Serum binding titers to recombinant gp41 and un-cross-linked solubilized Env mirrored that of gp120, but when tested against purified cross-linked spikes the group A and D sera showed equal binding titers. Group B and C antibody titers were not boosted against any of the tested antigens, indicating a lack of immunogenicity. Off-target binding to BS 3 crosslinks rather than to Env, measured by ELISA binding to BS 3 -crosslinked bovine serum albumin, was only observed with sera from group B, perhaps because BS 3 -cross-linked VLPs may present a relatively high number and diversity of BS 3 epitopes in the immunogen.
To identify antibodies in the sera to particular epitopes, several assays were used. First, sera were tested for CD4bs antibodies using the scaffold RSC3 that specifically binds CD4bs bNAbs (53) . Several sera bound to RSC3, most notably 7549 and 7540 (Fig. 14B) , although binding was weak relative to VRC01 and neutralization was adsorbed using TriMut only with serum 7549 (Fig. 13A) . In addition, sera were tested in a competition ELISA to determine whether they could block representative bNAbs from binding to recombinant JR-FL gp120 or gp41. All of the sera blocked b12 binding, suggesting the presence of CD4bs antibodies; however, competition was weaker against the more potent bNAb VRC01 in which only serum 7549 achieved 50% inhibition (Fig. 14C) . In the competition ELISA, sera that potently neutralized SF162 (i.e., VLP boosted sera and serum 7547) competed with PGT128 for binding to gp120 (Fig. 14C) ; however, none of the sera reacted with a scaffold, glycan V3-ST09, designed to display the N332 supersite (84) . Hence, the PGT128 competition we observed most likely relates to the ability of V3 crown antibodies to sterically block the N332 supersite on monomeric gp120 (54) .
Antibodies against immunodominant V3 and gp41 disulfide loop (DSL) epitopes were detected using a peptide ELISA. Binding titers to V3 were higher in sera that potently neutralized SF162 and those same sera also potently blocked F425-B4e8 binding to gp120 (Fig. 14C and D) . Notably, binding titers to V3 peptide showed a statistically significant correlation with SF162 neutral-ization (Fig. 14E) . Moreover, reactivity to gp41 DSL peptides was notably high with VLP boosted (group A) sera that also blocked anti-DSL IgG D49 from binding to gp41; however, sera from animals boosted with D49-depleted cross-linked spikes showed little binding to DSL and did not block D49 binding. (Fig. 14C and D) . Thus, non-neutralizing antibody immunodepletion and PLN display of cross-linked Env spikes (group D) not only reduced immunodominant antibody responses to gp120 (V3) and gp41 (DSL) but also directed responses to novel, apparently less immunogenic epitopes.
DISCUSSION
Virion-displayed HIV-1 spikes are important vaccine candidates as, by definition, they embody Env in its native form, but they also suffer from inherent lability, heterogeneity and low copy number on virion particles. Here, we used cross-linker to fix native spikes, which largely preserves bNAb epitopes, as well as occludes the V3 crown and non-neutralizing epitopes. We show that mature spikes can be purified and separated from non-native forms of Env using non-neutralizing antibody immunodepletion and can be captured onto nanoparticles at high valency for immunization. Although the overarching goal of consistently eliciting potent and broad neutralizing responses remains to be reached, cross-linked spikes on PLNs did elicit intriguing neutralizing antibody responses employing strategies that seem eligible for improvement. BS 3 -stabilized spikes display most bNAb epitopes, including the N332 supersite, gp41 MPER, PG9/PG16 epitopes on V2, and 35O22 and PGT151 epitopes at the gp120-gp41 interface. The latter two quaternary epitopes, as well as the N332 supersite, were shown in binding assays to be enhanced relative to un-crosslinked Env. The reactivity of certain CD4bs bNAbs was slightly reduced by cross-linking spikes, perhaps because the cross-links prevent small conformational changes induced by these antibodies (76) . Nevertheless, we observed antibodies to the CD4bs in antisera boosted by Env spikes, including some that neutralized Tier 1 isolates, suggesting that the CD4bs on cross-linked spikes remained immunogenic.
The V3 crown is a site of neutralization on sensitive isolates of HIV-1 and was not only occluded by cross-linking, but its immunogenicity was also reduced. This provides a clear example of a modification to an immunogen that attenuates an immunodominant antibody response. V3 has been shown to become partially blocked by glutaraldehyde treatment of virion-displayed Env but not soluble gp140 trimers (32) . We observed a decrease in V3 antibody binding following cross-linking that was much greater with virion-displayed Env than with soluble gp120 or gp140-FT, showing that native Env affords a unique context for V3. The recovery of F425-B4e8 binding to trimers cross-linked using the cleavable cross-linker, DTSSP, further provides direct biochemical evidence that the V3 crown is occluded on native Env from antibody via quaternary packing. Since V1V2 can shield access to V3 on Env trimers of primary isolates (24, 85, 86) , and V1 covers V3 in the recent crystal structure of BG505 SOSIP (26) , crosslinking may "staple" V1V2 to V3 in a quaternary context that is absent on soluble monomers and uncleaved soluble trimers. PGT121, PGT126, and PGT128 recognize epitopes involving glycans at or near N332, as well as protein elements at the base of V3, using different angles of approach (54) . BS 3 seems to stabilize the entire N332 epitope cluster in a uniquely accessible conformation on native Env. In contrast, binding of N332 antibodies to monomeric gp120 and gp140-FT trimers was decreased by BS 3 crosslinking, indicating that the N332 epitope cluster is presented differently on these molecules than in the native conformation, potentially making them less desirable for immunizations.
Formalin-fixed virions have been used previously to immunize mice, but spikes were in low copy number and were not purified away from misfolded Env or host proteins (38, 39) . Soluble gp120 and gp140 have been cross-linked in complex with CD4 for immunogens that mimic a receptor-activated form of Env (35) . More recently, glutaraldehyde-treated, uncleaved gp140 was shown to elicit improved neutralization of Tier 1 isolates, most likely due to increased levels of weakly neutralizing CD4bs antibodies, but did not improve neutralization of tier 2 isolates (36). To our knowledge, the present study is the first that uses cross-linked cleaved Env spikes purified from HIV-1 virions as an immunogen.
Importantly, we show that immunodepletion using non-neutralizing antibodies efficiently eliminates immature gp160 and other misfolded Env debris from virion preparations. Non-neutralizing antibodies that bind to immunodominant "cluster" epitopes on gp41 (e.g., DSL and six helix bundle), as well as to structurally ill-defined epitopes on the inner domain of gp120, V1V2, V3, and others, are commonly elicited both during acute natural infection and by gp120 and gp140 immunizations (87) (88) (89) (90) . Immunizations using untreated VLPs in the present study yielded antibodies of this type that only neutralized the sensitive strain SF162. Cross-linking and immunodepletion complemented one another in eliminating non-native forms of Env: cross-linking prevents decay of trimeric Env, whereas immunodepletion using different non-neutralizing antibodies enriches for Env that is trimeric, cleaved, and more native-like.
Cross-linking, however, did reduce overall binding titers to Env (i.e., immunogenicity) elicited in VLP-boosted animals. One explanation is that cross-linking Env negatively impacted processing into peptides for major histocompatibility complex (MHC) display and thus reduced the level of T cell help that developing B cells need (91) . This might be overcome by adding T cell epitopes (92) , adjuvants, limiting cross-linker density, and increasing anti- gen dose. In addition, the concentration of BS 3 used here (1 mM) was chosen because it prevented any trimer dissociation after heat treatment, but lower concentrations might be used that would increase antigen processing. Alternatively, limiting exposure of immunodominant epitopes (e.g., V3 and DSL) might have negatively impacted the total antibody response. For example, sitedirected hyperglycosylation of V3 on soluble gp140 trimers was shown to reduce V3 specific antibody responses but did not elicit a stronger response to other regions of Env (93) . A third possibility is that cross-linking restricts conformational flexibility of the spike such that it triggers fewer germ line/naive B cell receptors (BCRs). This effect might be overcome with modifications to Env, such as removing glycans that restrict access to certain epitopes (94) , or by screening for mutations that might increase reactivity to germ line antibodies despite a loss of conformational flexibility.
Despite eliciting relatively modest titers of antibodies specific to Env, cross-linked spike PLNs elicited a detectably broader and more diverse neutralization response than that of VLPs. Due to the small size of the study, the differences were not statistically significant, but since we did not observe any neutralization by prebleed sera or neutralization of negative virus controls, the qualitative differences elicited by cross-linked trimer PLNs seem likely to be real. Although PLN-immunized rabbits received 2-fold more total Env than VLP-immunized rabbits, the anti-Env ELISA titers were no higher and cross-linked spikes alone at the same dose did not appear to be immunogenic. Particles often enhance immunogenicity relative to soluble proteins (95) . Thus, PLN display of Env spikes in higher density than VLPs and HIV-1 may have enhanced engagement of more diverse BCRs through avidity effects and/or improved local stimulation of immune cells (e.g., T cells). The diminished levels of antibody elicited to the V3 crown by cross-linked spikes may have unmasked a B cell response to conserved epitopes nearby. Whatever the reason for the increased response with group D sera, it seems a reasonable path forward for 
FIG 12
Neutralizing antibodies in rabbit 7547 target C3 and V5 on JR-CSF gp120. Day 98 serum from rabbit 7547 was tested for neutralization against a panel of gp120 "domain swap" pseudotyped viruses that contain substitutions of major domains from JR-FL gp120 into a JR-CSF backbone (A), major domains from JR-CSF gp120 into a JR-FL backbone (B), and V4 or V5 with substitutions to Gly/Ser residues or the mutation N301Q (C). (D) Sera 7548 and 7549 were also tested for neutralization of JR-CSF mutants V4-GGS33 and N301Q. (E) Sequence changes introduced into V4 and V5 in the mutant Envs used in panels C and D.
native trimer immunization to employ some form of particle display. In the present study, we chose to prime with DNA and then boost once with cross-linked Env protein because the yield of Env trimers purified from virions is exceedingly low, under the theory that trimers stabilized in the correct conformation would only boost BCRs that recognize the native Env spike and not other BCRs elicited by the DNA prime. Giving animals multiple boosts of cross-linked trimers might further expand the weak neutralization observed in some individuals here. On the other hand, priming with DNA that produces un-cross-linked Env may actually increase triggering of CD4 ϩ T cells relative to cross-linked trimer only immunization, since cross-linking may limit antigen processing and display by MHC class II. Improvements to immunizations with cross-linked spikes will likely need to be determined empirically.
One serum elicited by the PLN boost (7547) displayed relatively potent neutralization against tier 2 isolate JR-CSF. Domain swap neutralization experiments showed the antibody response was to an epitope involving V5 and C3 of gp120 rather than the more typical V1V2V3 epitopes. Potent neutralization of JR-CSF involving V4 and V5 has been observed previously (83) , suggesting that these regions of Env may be frequent targets of autologous neutralization. Encouragingly, single residue changes were sufficient to knock out these epitopes in the present study, which may be exploited to redirect immunization responses onto more conserved regions.
Group D serum 7549 neutralized HxB2 relatively potently and displayed some breadth against the clade B panel. This activity only appeared after the PLN boost. The neutralizing activity of 7549 against HxB2 and SF162 was largely depleted using the CD4bs probe TriMut, showing that neutralization of these tier 1 isolates was mediated by CD4bs antibodies. However, neutralization of Tier 2 isolates JR-CSF, TRO.11, and SC422661 was not altered by TriMut depletion. Interestingly, neutralization of JR-CSF by serum 7549 was mostly abrogated by mutations to V4, so the broad but weak neutralization may be mediated by antibodies to an epitope near V4. Weak neutralization of JR-CSF by serum 7548 was also diminished by V4 mutation, so antibodies of this TriMut368/370 at 10 g/ml, or with an equivalent volume of medium, for 1 h at 37°C. Sera were then tested for neutralization of HxB2, JR-CSF, SF162, TRO.11, and SC422661. (B) Control CD4bs antibody VRC01 was tested in the assay described above. Similar results with VRC01 were observed with all tested isolates. specificity may have been elicited at low levels in two of three PLN-boosted sera.
Surprisingly, boosting with JR-FL Env did not elicit antibodies able to neutralize autologous virus. This may be a case of "original antigenic sin" (96) , whereby B cells triggered by JR-CSF in the DNA prime were boosted by low affinity engagement of BCRs amplified by multivalent presentation of JR-FL spikes on the PLNs (avidity effect). It is also possible that JR-CSF Env produced in the DNA prime persisted at low levels (97) and JR-FL spikes on PLNs boosted antibody titers via enhanced T cell help, or, alternatively, cross-linked spikes may present novel epitopes in vivo to immune cells through an unappreciated mechanism. Finally, BS 3 produces random Lys-Lys cross-links in Env so it is possible that the B cell response triggered by a given cross-linked trimer may not recognize a significant proportion of the total cross-linked trimer population, in which case cognate binding may be underestimated. These issues may be addressed by use of site-specific cross-linkers (98) (99) (100) (101) or genetic stabilization (23) . Identification of single B cells (and possibly T cells) against improved trimeric immunogens will allow a higher resolution for addressing these issues.
Cross-linking native Env, immunodepleting misfolded Env contaminants, and purifying cross-linked spikes for nanoparticlebased immunization expands the methods available for native Env immunization and appears to redirect and slightly diversify HIV-1 neutralizing antibody responses in comparison to VLPs. Future directions will be aimed at determining whether more consistent and potent neutralizing antibody responses can be elicited by using (i) specific cross-linking or genetic stabilization strategies, (ii) Envs capable of binding germ line precursors of neutralizing antibodies, (iii) higher Env doses, and (iv) a more ordered display of trimers.
